This study examined the effectiveness of thermophilic co-digestion of sewage sludge and milled/non-milled brewery spent grain. The experiments were performed in batch-mode to evaluate both the biogas potential and the biogas production rate. Five runs were carried out, one of them concerned the anaerobic digestion of sewage sludge (as control), whereas the others referred to the co-digestion of sewage sludge with addition of milled and nonmilled brewery spent grain at doses of 5 and 10 g. The runs were conducted under thermophilic conditions (temperature 55±1°C) and lasted for 21 days. The effectiveness of the process was assessed on the basis of the volatile solids removal, biogas potential and the rate of biogas production. The physiochemical composition of reactor feed and digestate were characterized. The addition of the brewery spent grain resulted in increase of the biogas potential, but a decrease in the volatile solids removal. In the case of biogas production rate, the highest value was recorded in the run with the addition of 10 g of milled and non-milled brewery spent grain (0.69 Ndm 3 dm -3 d -1 ). There was no observed influence of milling on the thermophilic co-digestion effectiveness since the parameters specified revealed comparable values.
INTRODUCTION
The brewing industry generates relatively large amounts of by-products and wastes, such as brewery spent grain (BSG), spent hops and yeast. Brewery spent grain contains about 16.8-25.4% cellulose, 21.8-28.4% hemicellulose (mostly arabinoxylans) and 11.9-27.8% of lignin (Santos et al. 2003 , Mussato et al. 2006 ). The major part of BSG constitute the kernel husk, pericarp and seed coat, which are rich in cellulose, non-cellulosic polysaccharides, lignin and also some proteins and lipids. In general, BSG is considered as a lignocellulosic material rich in fibers and proteins, which account for about 70% and 20% of its composition, respectively (Outeiriño et al. 2019 , Ravindran et al. 2018 ). Utilization of these byproducts in a form of animal fodder or compost is well-known. However, with increasing energy costs, the brewing industry, which consumes approximately 4 m 3 of natural gas per hectolitre of beer, strives to convert most of its wastes to alternative energy sources. In such perspective, anaerobic digestion has become an alternative for the production of renewable energy through biogas from these waste substrates. The anaerobic digestion of brewer's grain has been studied in the literature. Brewery spent grain is a substrate consisting largely of cellulose, hemicellulose and lignin, which are difficult to degrade anaerobically, mostly due to the presence of degradation products, such as phenolic compounds, which cause the process inhibition (Panjičko et al. 2017). According to Sežun et al. (2011) , BSG as a mono substrate cannot be anaerobically digested in a semi-continuous bioreactor under mesophilic conditions, regardless of its pretreatment. A significant inhibition of the biogas production occurred, depending on the type of substrate pretreatment. The biogas production from BSG as a potential lignocellulosic substrate was inhibited by intermediate lignocellulosic biodegradation products, p-cresol being the most responsible. The structural complexity of lignin, its high molecular weight, chemical stability and insolubility make the biodegradation of this lignocellulosic substrate quite difficult. The lignocellulosic biomass has improper nutrient structure, high organic load, deficiency of diversified microbes and low nitrogen content; all these factors are the potential inhibitors for the AD process. High C/N ratio, lignin percentage and contamination with pesticides influenced the process dynamics. Most of these kinds of problems are resolved by the addition of co-substrate in the reactor, and this process is called as anaerobic co-digestion (AcoD) (Kainthola et al. 2019). A good strategy to improve the biomethanization process of lignocellulosic wastes is the AcoD but their pretreatment is also a feasible option (Diego-Diaz et al. 2019). The effective utilisation of BSG for valorization requires the techniques to disrupt the naturally ordered structure and remove lignin (Niemi et al. 2012 , Madison et al. 2017 ). Pretreatment methods are essential in increasing the efficiency of the processes that involve the valorization of lignocellulosic materials. With respect to the mechanism behind the process, they can broadly be classified into physical, chemical, biological, thermal and combinational methods. An efficient pretreatment strategy essentially should be simple, cost effective, devoid of corrosive materials and should not give rise to indigestible or inhibitory compounds. Mechanical size reduction during milling is a crucial step for the transformation of feedstock into energy (Rodriguez et al. 2017 ; Montusiewicz and Pawłowska 2017). In most papers in literature, biomass fragmentation during milling is applied as a first pretreatment step. However, the availability of information concerning process parameters and energy balances is low. It is generally stated that the concentrations of biomethane, bioethanol and biohydrogen are approximately 5-25% greater for fragmented biomass compared to non-fragmented structures (Hendriks et al. 2009 , Kucharska et al. 2018 ).
The study examined the effects of co-digestion of brewery spent grain and sewage sludge under thermophilic conditions. The experiments were performed in batch-mode to evaluate both the biogas potential and the biogas production rate.
MATERIAL AND METHODS

Material characteristics
Mixtures of sewage sludge and dried brewery spent grain (both non-milled and milled) were used for the co-digestion study. The sewage sludge was used for the anaerobic digestion as a control. The sewage sludge was obtained from the Lublin municipal wastewater treatment plant (WWTP), Poland. This included two-source residues from primary and secondary clarifiers, both of them thickened. Under laboratory conditions, the sludge was mixed at the recommended volume ratio of 60:40 (primary : waste sludge), then homogenized, manually screened through a 3-mm screen and partitioned. The sludge prepared in this manner was fed to the reactor as mixed sewage sludge (SS), with main characteristics presented in Table 1 . Brewery spent grain (BSG) was sourced from a small brewery in Lublin that uses barley as a raw material for beer production. The BSG sample of 2 kg weight was transported to the laboratory, then dried using an oven at a temperature of 50°C to omit its rapid degradation and sub-divided. One of the sub-samples was milled using a stainless steel blender to reduce the BSG particle size to 1 mm (MBSG), the other was retained without milling. The BSG composition is given in Table 1 . An inoculum for the laboratory reactors was sampled from Lublin WWTP as a digest collected from a mesophilic anaerobic digester operating at a hydraulic retention time of about 30 days.
At the beginning of the experiment, each reactor was inoculated with the digest from Lublin WWTP. Before starting the anaerobic digestion, the nitrogen gas was purged for 2 min in each reactor to remove the gases present inside and ensure anaerobic conditions. After 30 days of adaptation ensuring the inoculum to be deeply treated with residual daily biogas production of 0.01 Ndm 3 d -1 , the reactors were fed with the substrates and washed out once again using nitrogen gas. 
Laboratory installation and operational set-up
The specific biogas (BP) and methane potential (BMP) of inoculum, sewage sludge and codigestion mixtures were studied in batch assays using the automatic biogas/methane potential test system BioReactor Simulator (Bioprocess Control AB, Sweden). The BRS consisted of two units: BRS-A and BRS-B (Fig. 1) .
The BRS-A unit comprised of 6 reactors with the volume of 2 L. The media in each reactor were mixed by means of a slowly rotating agitator. Biogas was continuously produced and registered by the system. The volume of the gas released was measured with unit BRS-B using a wet gas flow-measuring device with a multi-flow cell arrangement, which works according to the principle of liquid displacement and can monitor low gas flows (a digital pulse is generated when a defined volume of gas flows through the device). An integrated embedded data acquisition system was used to record and display the results. After the adaptation of inoculum which lasted 30 days, six runs were carried out. The BP tests were conducted in duplicates, under mesophilic conditions (at a temperature of 55±1°C). Each of these lasted 21 days. The reactors were fed using mixture of SS and milled/non-milled BSG (the influent consisted of a mixture of 1.4 L inoculum, 0.4 L SS and selected dose of milled/non-milled BSG). The influent of first run consisted of a mixture of 1.4 L inoculum, 0.4 L SS. The second and third run arrangement was the same as the previous one, but this time the influent consisted of a mixture of 1.4 L inoculum, 0.4 L SS and 5 and 10g MBSG for R2 and R3, respectively. The other runs (R4-R5) were fed with 1.4 L of inoculum, 0.4 L of a mixed sludge and non-milled BSG at a rate of 5, 10 g for the R4 and R5 reactors. The biogas produced by the inoculum was subtracted from the results obtained from the test samples. The biogas (BP21) and methane (BMP21) potential as well as the biogas (GPR) and methane production rate (MPR) were determined.
Analytical methods
In the samples of SS and BSG, total solids (TS), volatile solids (VS) and pH were analyzed in triplicates. Total solids were determined as the residue after water evaporation (24 h drying at 105°C to constant weight), volatile solids were measured by ignition at 500°C. TS and VS were determined according to Polish Standards Methods PN-75/C-04616/01, pH were analyzed according to PN-EN 12176. The biogas volume was measured on-line using BRS-B unit. The composition of the biogas was measured using a Shimadzu GC 14B gas chromatograph coupled with a thermal conductivity detector (TCD) fitted with glass packed columns. The Porapak Q column was used to determine the CH 4 and CO 2 concentrations. The parameters used for the analysis were as follows -injector 40°C, column oven 40°C, detector 60°C, and current bridge 150 mA. The carrier gas was helium with a flux rate of 40 cm 3 min -1 . The peak areas were determined by the computer integration program (CHROMA X).
RESULTS AND DISCUSSION influent characteristics and operational conditions during experiment
The characteristics of the influent that supplied the reactor in R1-R5 runs are presented in Fig. 2, (the left bars) . In order to clarify the digestion results, effluent characteristics was also compiled on the same figures.
It should be noted that the pH value in the influent was at a comparable level for all runs and averaged 6.60. The analysis of the composition of the influent used in the experiments indicated that the average TS and VS increased as the BSG dose increased (Fig. 2) . A clear tendency appeared with regard to the addition of both milled and non-milled brewery spent grain. The experimental results of Wang et al. (2016) showed that the production of biogas increased along with the ratio of VS/TS in the feedstock. In this case, the lowest value of the VS:TS ratio of 0.747 was obtained in the case of sewage sludge suppling R1 (control run). The value of VS:TS ratio increased along with the BSG dose. Brewer's spent grain milling had no effect on the value of the VS:TS ratio. The value of VS:TS ratio was 0.753 for R2 and R4 and 0.759 for R3 and R5. The higher VS:TS ratio in co-fermentation runs indicates a much higher content of organic compounds as compared to the anaerobic digestion of sewage sludge. The degree of removal pertaining to VS was used to evaluate the process efficiency. On average, the removal efficiencies of VS in R2, R3, R4 and R5 (the reactors with BSG addition) amounted to 45%, 55%, 53% and 57%, respectively. These values were lower than the ones obtained for sewage sludge (61%). The lower values of removal efficiency of VS in R2-R5 runs may be due to insufficient hydraulic retention time needed for the decomposition of lignocellulosic matter, even under thermophilic conditions or due to the possibility of release of phenolic compounds inhibiting the co-fermentation process.
Biogas production
In Europe, the method of biogas production for 21 days (BP 21 ) is applied as a standardized test for the assessment of biogas production rate of various kinds of substrates. The results of the study concerning the biogas/methane potential and the biogas/methane production rate are given in Table 2 . The cumulative biogas production obtained for each run is presented in Fig.3 . The data on the graph represent the average values of daily biogas production per g of VS fed the reactors for the specified runs.
Concerning the addition of BSG and MBSG, all the co-digestion parameters increased as compared to the control run. The highest biogas potential was obtained for the SS + 10 g MBSG and SS + 10 g BSG (R3 and R5) samples. This was higher by 16.9% compared to SS + 5 g MBSG (R2), 21.1% compared to addition of 5g of BSG (R4) and 53.3% higher than the control run (R1). With the increase in the dose of co-substrate, the value of biogas potential grew as well. The methane concentration was a little lower in the presence of brewery spent grain and ranged from 68.03%±0.49 to 68.61%±0.45. In the case of SS, it was 70.05%±0.49. According to Siqueiros et al. (2019) the biogas potential for brewery waste (90% grains and about 10% of hops and yeast) undergoing anaerobic digestion under thermophilic conditions amounted 0.5 dm 3 g -1 VS, methane content was about 65%. Interestingly, there was no observed influence of milling on the co-digestion effectiveness since the parameters . Addition of brewery spent grain in the dose of 5 g (milled and non-milled BSG) increased the biogas potential by 19%, while the biogas production rate was over 27%, as compared to the control. The use of a higher (thermophilic) process temperature resulted in higher biogas potential values and gas production rate. The cumulative biogas production was differentiated for the co-digestion and control runs. Figure 3 depicts cumulative biogas production curves over 21 days of the experiment. In the case of SS, the curve increases and follows the first-order kinetics model line according to the equation: V = Vmax (1-exp(-k·t)); where V -the biogas volume produced in time (t), k -the reaction rate constant and Vmax -the maximum gas volume.
However, the biogas production for co-digestion revealed the presence of two phases with different kinetics. The course of co-digestion confirmed the dependency of gas formation on Fig. 3 . Cumulative biogas production for specified runs the contribution of brewery spent grain in the mixture with sewage sludge. The trend of line of co-digestion consisted of two first-order kinetics models with the break point on the border on the phase I and phase II. The second phase in R2-R5 reactors started after 5-6 days of the experiment and could be accomplished with the degradation of lignocellulosic matter (specific BSG component). Such a complex structure required longer time to be converted to the monosaccharides, easily degradable by microorganisms. A similar curve shapes were obtained by Bernat et al. (2008) during mesophilic fermentation of sewage sludge and oil wastes. The trend line also consisted of two first-order kinetic models with the break point. This was caused by the use of oil wastes as a co-substrate and the inhibition of the process by VFA. In order to describe the cumulative biogas production phases in the co-fermentation process, detailed kinetics studies should be performed.
CONCLUSIONS
The results indicate that the measured additions of BSG/MBSG as a co-substrate for the thermophilic anaerobic digestion of sewage sludge enhanced both the biogas/methane potential and the production rate. Two phases of biogas production occurred while conducting co-digestion of BSG/MBSG and SS. The second phase is most likely accomplished with degradation of complex lignocellulosic compounds. No influence of BSG milling on the co-digestion effectiveness was observed. A comparison of the own research results and the findings of other authors investigating the co-digestion process under thermophilic conditions indicates that the use of milled and nonmilled brewery spent grain as a co-substrate in the thermophilic co-digestion is recommended.
